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We discuss Z-production in the process e+p→ e+Z+X in the context of the Standard
Model using the Parton Model. In contrast to the inelastic ep-scattering (e+p→ e+X),
where the choice of Q˜2 is unambiguous, in this case is not clear since the momentum
transfer square, at the quark level, depends on the reaction mechanism. Our aim in this
work is to show that the total cross section depends strongly on the prescription used
for the scale energy parameter Q˜2 and on a different option that we have considered for
making the convolution of the parton distribution functions and the amplitude of the
quark processes. We present results for the total cross section as a function of the total
energy
√
s of the system ep, in the range 300 ≤ √s ≤ 1, 300 GeV. We find differences
of up to 25% in the rates of the total cross section for the different prescriptions that
we have taken. For
√
s ≈ 1, 300 GeV, which is the expected maximal total energy of
the system ep to be reached at the LHeC and taking an integrated luminosity of 0.1
ab−1/year, such a difference (25%) corresponds to ≈ 104 produced Z bosons. Finally,
we propose to introduce a slight modification in the form that we make the convolution
of the PDFs and the amplitudes of the subprocesses involved in the process in order
to get a simple and practical prescription for the calculation without ambiguities of the
Z-production through the deep inelastic ep scattering, by using the Parton Model.
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1. Introduction
LHeC at CERN will provide us with the possibility to observe ep collisions with a
maximal energy Emax = 60 GeV of the electron and Emaxp = 7 TeV of the proton,
1
this means that the maximal total energy of the ep system will be
√
s ≈ 1,300
GeV. The LHeC is a potentially rich source of Z bosons produced by electron-
proton collisions. The LHeC will make possible to increase de number of produced
Z bosons via ep collisions up to three orders of magnitude, with respect to HERA.
This means that the LHeC will be an excellent collider for the search of physics
beyond the Standard Model.2 However, this can be done only if the results of the
Standard Model are well known in all details and without ambiguities. Therefore,
we discuss in this work the possibility of finding a prescription to calculate Z-
production unambiguously through the deep inelastic process e + p → e + Z + X
using the Standard Model and by making use of the Parton Model.3 We perform
our numerical calculations using the QCD improved Parton Model.4, 5 According
to the Parton Model, the final step in the evaluation of dσep consists in putting
together the parton cross sections dσeq and the parton distribution functions (PDFs)
fq(x
′, Q˜2) and to make a sum over all the possible partons. In the PDFs x′ is the
fraction of momentum that the incoming quark carries of the colliding proton and
the parameter Q˜2 stands for a scale energy, usually identified as the momentum
transfer square in the collisions. At the lowest order in α, in contrast to deep inelastic
ep scattering (e+ p→ e+X) where the choice of Q˜2 is unambiguous, in the case of
Z-production this is not clear since the momentum transfer square depends on the
reaction mechanism, in other words, whether the Z is emitted at the lepton or at
the quark line. Our aim in this note is to show the strong dependence of the total
cross section on the prescription used for the scale parameter Q˜2 and the way that
one makes the convolution of the PDFs with the amplitude of the quark processes.
At the lowest order in α, only two types of reaction mechanisms will contribute: Z
production at the lepton line and at the quark line at the parton level (See Fig. 1).
Diagrams containing the exchange of Higgs bosons will be neglected because of
the smallness of the Higgs-fermion coupling involved in the mentioned process. We
present results for the total cross section as a function of the total energy
√
s of
the system ep, in the range 300 ≤ √s ≤ 1, 300 GeV. Taking √s ≈ 1, 300 GeV, we
find a up to difference of 25% in the rates of the total cross section for the different
prescriptions that we have adopted. This difference (25%) corresponds to ∼ 104
produced Z bosons, at the planned LHeC by taking an integrated luminosity of 0.1
ab−1/year.1 We perform our numerical calculations using the parton distribution
functions PDFs reported by Pumplin et al,6, 7 we use the CTEQ PDFs provided in a
nf = 5 active flavors scheme. Finally, we propose to introduce a slight modification
in the form that we make the convolution of the PDFs and the amplitudes of
the subprocesses involved in the process in order to get a simple and practical
prescription for the calculation without ambiguities of the Z-production through
the deep inelastic ep scattering, by using the Parton Model.
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2. Kinematics and Formulae
In Ref.[8], it has been presented the kinematics and the formulae required in order
to calculate the cross section of the production of a Z boson through the inclusive
process
e+ p→ e+ Z +X (1)
We shall denote the four-momenta of these particles by p, Pp, p
′ and k, respectively.
X stands for anything.
As usual the following invariants are defined:9
s = (p+ Pp)
2
Q2 = −(p− p′)2
ν = Pp(p− p′)
s′ = (p+ Pp − k)2
Q′2 = −(p− p′ − k)2
ν′ = Pp(p− p′ − k)
(2)
and the dimensionless variables:
x =
Q2
2ν
, y =
2ν
s
, τ =
s′
s
, x′ =
Q′2
2ν′
, y′ =
2ν′
s
.
The physical region of these kinematical variables has been discussed in detail in
Ref.[8].
The quark cross section is obtained from the invariant matrix element M(eq →
eqZ):
dσeqtot =
2(2pi−5)
sˆ
1
4
| Meqtot |2 dΓ3 (3)
The 3-particle phase space dΓ3 can be expressed with help of the dimensionless set
of variables
dΓ3 =
pis3
32
y
dx dy dy′ dτ√−∆4 (p, Pp, p′, k) (4)
with ∆4(p, Pp, p
′, k) as Jacobi determinant. The Feynman diagrams which con-
tribute at the lowest order in α toMeqtot are depicted in Fig. 1. As we have already
said, the Z boson can be produced from the electron line (Fig. 1(a),(b)) and the
quark line (Fig. 1(c),(d)), then we write:
Meqtot = Meql + Meqq (5)
Explicit expressions for the quantities needed for the calculation of | Meqtot |2 are
presented in Ref.[8], also the sum over the polarizations of the produced boson is
performed there.
The final step in the evaluation of dσep consists now in putting together the parton
cross sections dσeq and the parton distribution functions fq(x
′, Q˜2). In contrast to
deep inelastic ep scattering the choice of Q˜2 is not unambiguous in the case of the
July 30, 2018 22:20 WSPC/INSTRUCTION FILE MPLA˙4
4 Authors’ Names
Z-production, since the momentum transfer square to the proton depends on the
reaction mechanism (in other words, whether the boson is emitted at the lepton or
at the quark line). In order to make clear how strong depend the cross section rates
on the choice of the scale Q˜2, we calculate in this work with the following simple
prescriptions.
Prescription A
dσep =
∑
q
(
∫
dx′fq(x
′,M2Z) · dσeqlepton
+
∫
dx′fq(x
′,M2Z) · dσeqquark
+
∫
dx′fq(x
′,M2Z) · dσeqinter)
(6)
Prescription B
dσep =
∑
q
(
∫
dx′fq(x
′, Q2) · dσeqlepton
+
∫
dx′fq(x
′, Q2) · dσeqquark
+
∫
dx′fq(x
′, Q2) · dσeqinter)
(7)
Prescription C
dσep =
∑
q
(
∫
dx′fq(x
′, Q′2) · dσeqlepton
+
∫
dx′fq(x
′, Q′2) · dσeqquark
+
∫
dx′fq(x
′, Q′2) · dσeqinter)
(8)
Prescription D
dσep =
∑
q
(
∫
dx′fq(x
′, (Q2 +Q′2)/2) · dσeqlepton
+
∫
dx′fq(x
′, (Q2 +Q′2)/2) · dσeqquark
+
∫
dx′fq(x
′, (Q2 +Q′2)/2) · dσeqinter)
(9)
Prescription E
dσep =
∑
q
(
∫
dx′fq(x
′, Q′2) · dσeqlep
+
∫
dx′fq(x
′, Q2) · dσeqquark
+
∫
dx′
√
fq(x′, Q2)
√
fq(x′, Q′2) · dσeqinter)
(10)
In Eqs. (6-10): the first line collects the expression where the Z boson is emitted
from the lepton line (dσepleptonic), the second line production from the quark line
(dσephadronic), and the last line contains the interference of these two production
mechanisms (dσepinter).
At this point we want to introduce a simple and practical proposal to calculate the
process e+ p→ e+Z+X by making a modification in the way that we implement
the convolution of the PDFs and the amplitude of the quark subprocesses as follows:
dσeptot =
∑
q
∫
dx′ dσeqtot (11)
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where
dσeqtot =
2(2pi−5)
sˆ
1
4
| Meqtot |2 dΓ3 (12)
with
| Meqtot |2=|
√
fq(x′, Q′2) ·Meql +
√
fq(x′, Q2) · Meqq |2 (13)
Instead of the usual Parton Model in which one makes the convolution of the PDFs
and the amplitude square of the quark proceses in the following form.
dσeptot =
∑
q
∫
dx′fq(x
′, Q˜2) · dσeqtot (14)
where
dσeqtot =
2(2pi−5)
sˆ
1
4
| Meqtot |2 dΓ3 (15)
and
| Meqtot |2=| Meql +Meqq |2 (16)
We can observe that our proposal reproduces the Prescription E defined in Eq.(10).
At the lowest order in α only the magnitude of the momentum transfer square of
the virtual vector boson exchanged determines whether we are observing a deep
inelastic scattering or not. Our Ansatz is motivated by the fact that the exchanged
vector boson has to carry enough momentum transfer square to penetrate deep in
the proton structure and this can not be guaranteed if this momentum transfer
square is taken from the same line where the Z boson is radiated. In other words,
when the Z is emitted from the lepton line we have to take Q˜2 = Q′2 and when
the Z boson is emitted from the quark line then we have to take Q˜2 = Q2. For the
interference term of the lepton and the quark line mechanisms our proposal means
to take the geometric mean of the PDFs associated to each of these two production
mechanisms, which contribute to the total amplitude square, | Meqtot. |2.
3. Results
Now we present the numerical results of our calculations using the Standard Model.
We take MZ = 91.2 GeV for the mass of the Z boson and sin
2 θW = 0.231 for
the electroweak mixing angle.1 We have included in our computations besides the
photon-exchange also the Z-exchange diagrams. However, as expected, the domi-
nant contributions to the total cross section come from photon exchange and espe-
cially from leptonic initial state Z emission i.e. the diagram depicted in Fig. 1(a).8, 10
We give results for the case of unpolarized deep inelastic ep-scattering with a total
energy
√
s in the range 300 ≤ √s ≤ 1, 300 GeV (We remember here that the ex-
pected maximal total energy to be reached at the LHeC is
√
s ≈ 1, 300 GeV). We
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take cuts of 4 GeV2, 4 GeV2 and 10 GeV2 on Q2, Q′2 and the invariant mass W ,
respectively. These values are suited for the PDFs reported by Pumplin et al,6, 7 we
use these CTEQ PDFs provided in a nf = 5 active flavors scheme.
There exist already calculations for the total cross section σ(ep → eZX), using
different PDFs and cuts for the momentum transfer square of the exchanged boson
and for the invariant mass W 8, 10–13
Our results for the total cross section by taking the different prescriptions given
in Eqs.(6-10), for
√
s = 300 GeV (HERA) and 1,300 GeV (LHeC), are showed in
Table I. We show in Fig. 2, the results of the total cross section as a function of
the total energy of the ep system
√
s. We can observe in this plot the evolution of
the separation of the results of the cross section rates depending on the prescription
used. It is clear that differences in the rates of the total cross section can reach
up to 25% depending on the prescription used, for
√
s ≈ 1, 300 GeV, which is the
expected maximal total energy for the system ep to be reached at LHeC.
We found the rates for σ(ep → eZX) as given in Table 1. These values yield to
a production of Z-bosons that we show in Table 2, for the different prescriptions
we have chosen for making the convolution of the amplitudes eq subprocesses and
the PDFs. We can observe in Table 1, that the differences in the rates of the total
cross section can reach up to 25% for the different choices of Q˜2 for the expected
maximal total energy for the system ep to be reached at LHeC. This difference
(25%) corresponds to a difference of ∼ 104 produced Z bosons, at the planned
LHeC, by taking an integrated luminosity of 0.1 ab−1/year1
By making very simple calculations, we succeeded in showing the importance
of carefully taking the phrase so used in many articles ”we identify Q˜2 with the
momentum transfer square as usual.” And also the phrase ”We have proved that
our numerical results do not depend strongly on this identification”. This kind of
phrases were valid some years ago, because the energy and luminosity reached at
HERA predicted a production of 40-50 Z bosons per year, then the prediction that
the ambiguity of Q˜2 could give a difference of 11.8% between prescription C and B
(See Table 1) was something that was hardly to be seen (∼ 5 − 6). But the same
difference (the difference between prescriptions C and B at LHeC is 4.7 %) at LHeC
implies ∼ 470 Z bosons.
4. Conclusions
In this letter we discuss Z-production at the planned LHeC at CERN, where the
expected center of mass energy of
√
s ≈ 1, 300 GeV is 4 times larger than the
maximal total energy reached at HERA,
√
s ≈ 300 GeV. The luminosity planned
to be reached at LHeC is at least two orders of magnitude larger than luminosity
reached at HERA. We have presented the calculation of the cross section of the Z-
production in deep inelastic electron-proton scattering in a range of energies which
is expected to be available in the in near future, in the framework of the Standard
Model, by using the Parton Model. We showed how strong is the dependence of the
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cross section rates on the scale energy parameter Q˜2.
In this note we have analyzed at tree level the production of Z bosons in deep
inelastic ep-scattering, finding a strong dependence (∼ 25%) on the Q˜2-prescription
adopted in the PDFs. We want to make clear that our aim in this letter is to point
out the necessity of a detailed revision of the Parton Model in order to use the
results provided by the LHeC and even the results obtained by the LHC to look for
Physics beyond the Standard Model. Our paper can be seen as a first step to look
for a possible unique identification of Q˜2.
We do not doubt that the PDFs will be obtained with a great precision and that
Q˜2 should be identified with the momentum transfer square. Our aim in this letter
is to point out that in the case of the production of Z boson or any other particle,
we have two transfer square momenta: Q2 and Q′2. Also, we have demonstrated that
although this fact was not important at HERA energies, now will be very important
at LHeC energies. A detailed comparison of the phenomenological predictions and
the experiment results could elucidate on the correct prescription in order to do the
convolution of the PDFs and the amplitudes of the quark processes which leads to
the calculation of the e+ p→ e+ Z +X .
We end this letter with the following comment. We can use the dependence of
the cross section as a function of the dimensionless variables y or as a function
of dimensionless variables x and y in order to use the energy of the final electron
and the angle that the momentum of the outgoing electron (p′) makes with the
momentum of the incident electron (p) to define kinematical regions in which the
leptonic or the hadronic contribution to the total cross section predominates.8 In
such case, there will be only one important momentum transfer square, Q′2 or Q2.
Hence, in such regions there will not more problem with the identification of the
scale energy parameter Q˜2.
Table 1. Cross section rates in 10−37cm2 for Z production for
√
s = 300 GeV
(HERA) and 1,300 GeV (LHeC), for the different prescriptions that we have taken
for making the convolution of the PDFs with the amplitude of the quark processes.
Q˜2 = M2Z Q˜
2 = Q2 Q˜2 = Q′2 Q˜2 = (Q2 +Q′2)/2 Our Proposal√
s (GeV) σA σB σC σD σE
300 0.587 0.682 0.763 0.803 0.909
1,300 3.934 4.064 4.257 4.590 4.912
Acknowledgments
This work was supported in part by the Consejo Nacional de Ciencia y Tecnolog´ıa
(CONACyT) and Sistema Nacional de Investigadores (SNI) de Me´xico.
July 30, 2018 22:20 WSPC/INSTRUCTION FILE MPLA˙4
8 Authors’ Names
Table 2. Number of Z bosons that will be produced through e+p→ e+Z+X taking√
s = 1, 300 GeV (LHeC) and taking an integrated luminosity of 0.1 ab−1/year, for
the different prescriptions that we have adopted for making the convolution of the
PDFs with the amplitude of the quark processes.
Q˜2 =M2Z Q˜
2 = Q2 Q˜2 = Q′2 Q˜2 = (Q2 +Q′2)/2 Our Proposal√
s (GeV) NA NB NC ND NE
1,300 3.93× 104 4.06× 104 4.26× 104 4.59× 104 4.91× 104
Fig. 1. Feynman diagrams which contribute at the lowest order in α, to Z-production through
the process e+p→ e+Z+X, at the quark level, emitted from the initial (a) and final (b) electron,
the nitial (c) and final (d) quark.
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